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Jets

theory: X —> qq (or Q)

experiment: collimated shower
of hadrons
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Jet modification in the QGP

partonic energy loss 4 7
=3 gluon radiation (primary) '

=P collisional energy loss (small)

=P pbroadening and softening

Jet in vacuum Jet in medium
EJet E Jet
EdILDmacUUm Jet broadening
Jet quenching/ Suppression of
gluon radiation ' “ high-pr particles

“ Enhancement of
low-pr particles
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Jet production at R_HIC & LHC

orders of magnitude difference
IN jet production cross section

trigger: high-pt hadron,
jet w/ constituent cut, etc

models predict that with the
softer RHIC spectrum

trigger =@ surface bias

however, at the higher
LHC energies,

trigger =4 no surface bias -
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Jet trigger bias

however, this bias can be useful - opportunity to use jet cuts to
select jet production vertex and di-jet orientation

leading trigger di-jet triggers

<>

jet+hadron correlations, di-jet imbalance,

hadron+jet spectra | |di-jet hadron correlations| %1 correlations
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Jet+hadron correlations

A

10 < pjet’rec <15 GeV/e e Aut+Au, 0-20%
T
+
20— 05< p“Tssoc <1GeV/e 4 PTp

enhancement of recoll jet
low-pT constituents,

broadening °F
°‘7§_ 4< pﬁ;“‘“ <6 GeV/e \Sxx = 200 GeV
0.6— -4
3 iy s = N 2 v, and v, uncertainty
SU ppreSSIOn Of recol I Jet g 0'55 [ ] trigger jet uncertainty
* % 0.4;— etector uncertainty

high-pt constituents

STAR, PRL 112, 122301 (2014)
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Jet+hadron correlations
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) clear signal of softening
and broadening in recoill jet
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Hadron+jet spectra
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semi-inclusive hadron-triggered
recoll jet spectra

use of novel mixed-event
method to extend kinematic
reach to low jet pr

SE/ME
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Hadron+jet spectra

yield of jets recoiling from
high prt hadron

suppression of recoll jet
iIn central collisions
compared to peripheral

- - | L L
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o 10°ES A, >035R=04 3
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o - n
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o L4l =0%10% R
2 107 E 5 60%-80% =
g - —PYTHIA =
9 5| —-de Florian NLO g
“o2 107 & —stat. error =
= = syst. uncertainty =
- 6 N
— 10 a | 1 |3

o 10 20 30
p?*"jet (GeV/c)
STAR, Phys.Rev. C96. 024905 (2017)
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Hadron+jet spectra

Au+A[u, VSn=200 GeV
9.0 < p:ig < 30.0 GeV/c
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decreasing R =4p-decreasing |ce =@ broadening

.20.
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Hard core jets at STAR

in a heavy ion background

large background energy density
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Hard core jets at STAR

background

[o]g

heavy

N a

clear jet signal

removes almost all background

ik
i
A

preonst>2 GeV/c cut
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Hard core jets at STAR

in a heavy ion background

prcut=2 GeV/c
prtead>20 GeV/c
prSubLead>10 GeV/c
IA¢-ml<0.4
anti-kt R=0.4

—
T

som. matchin,

—
T

L

P [GeV/c]

eom. matching

eonst>2 GeV/c cut removes almost all background

no combinatoric jets,

geometric matching =9 .
recover all constituents
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Di-jet asymmetry at STAR

. pLead L pSubLead
hard core di-jets more A, =T T

. Lead SubLead
imbalanced with Pr— TP

c0.25
2 [ pS>2 GeVie:
respect to p+p S [ o pepHT o AurauMB
" 02~ o AutAuHT
C —
L%’ L e i * Au+Au, 0-20%
0.1 5__ AN ’W'j;; © ; + Anti-k_, R=0.4
- ¥ Q{@ R § With pS*'>2 GeV/c:
B AN p. . >20 GeV/c
0.1~ { P, >10GeV/c
- b
- (@]
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AJ
STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet asymmetry at STAR

o pLead pSubLead
hard core di-jets more Ay =L L

. . Lead _|_pSubLead
imbalanced with

O
N
o1

respect to p+p st e
when soft constituents 9, ot 2
are included: o ngG/
balance recovered to level : : oS
of p+p reference with R=0.4  °=- i
0 i'—gz (;) — 02 0.4 : Eo.e?—'_'ﬁz

STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet asymmetry at STAR

hard core di-jets more
imbalanced with

Ay =L

Lead

SubLead

o p%ead +p%ubLead

c0.25
respect to p+p 8 s
when soft constituents orsf
are included: f
balance no longer restored B
to the level of p+p in R=0.2  **}

B p?”t>2 GeVic:
o p+p HT @ Au+Au MB O p+p HT @ Au+Au MB

e Au+AuH

T

+ m  Au+Au HT
§ Au+Au, 0-20%
3 Anti-k;, R=0.2

p$“t>0.2 GeV/c, Matched:

With p‘T’“‘>2 GeVic:
P . d>20 GeVic

pT,sublead>1 0 GeVie

broadening of jet from 0.2 t0 0.4

0.6 0.

STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet asymmetry at STAR

hard core di-jets more
imbalanced with
respect to p+p

when soft constituents
are included:
balance no longer restored
to the level of p+p in R=0.2

more differential =iy

Lead SubLead
Pr — Pr
Ay =

Lead 4 pSubLead

O
)
3]

B p?”t>2 GeV/d: p?“t>0.2 GeV/c, Matched:
O p+p HT ® Au+Au MB O p+p HT @ Au+Au MB

B ° Au+Au HT + m  Au+Au HT
: RO\ Au+Au, 0-20%
0.15— i —O0— Anti-k, R=0.2
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o
N
[T 1

With p "2 GeVie:
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STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)

di-jet hadron
correlations
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Di-jet hadron correlations

di-jet definition
pTcUt=2 GeV/c
pte2d>20 GeVl/c
prSublead> |0 GeV/c
|Ad-7t[<0.4

anti-kt R =0.4

correlations
An = njet-ntrack
A(p = (pjet_(ptrack

Au+Au
0-20% central 10 < p:ssm < 2.0 GeV/c

STAR Preliminary trlgger Jet

Trigger jet Trigger jet
S
\ !§\
Recoil jet Recoil jet

jet-finding == detector level
correlations

& yields

== particle level

systematic uncertainties

== tracking efficiency (+5%)
=3 rclative jet energy scale

18

relative tracking efficiency (+7%)

relative tower energy scale (+2%)
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Background subtraction in
di-jet hadron correlations

fit with a constant+gaussian  use sideband subtraction to
constant subtracted as account for flow in underlying
background event
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Correlations in An[zo<er=<socev]

- trigger jet
™ - - - STAR Preliminary —@— Au+Au HT 0-20%
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Correlations in

| >~ projection range

yield contained within
jet radius R=0.4

21
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Jet constituent Yields
=3
G
Q0.8
2 06
© 04

0.2
0

yields consistent between
AP & An

yield contained within R=0.4

for all prt, consistent with A,

—>

trigger jet: unmodified

== "surface bias”

recoll jet: hint of modification
for prassoc<?2.0 GeV/c
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Trigger jet associated hadron yield An

—@— Au+Au HT 0-20%

—ll— p+p HT corr. to Au+Au 0-20%
S tracking unc. Au+Au

S tracking unc. p+p

relative JES unc.

STAR Preliminary

7 8
P, (GeV/c)

Recoil jet associated hadron yield An

—)—

—@— Au+Au HT 0-20%

—l— p+p HT corr. to Au+Au 0-20%
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Consistent with Ay?

minimal modification Why a small effect?
at high prfor both trigger 025, :
& recoil jets - AL A A
“ 0.2 ¢ AutAUHT m  AutAu HT
possible enhancement at : ‘ +  Ausau,020%
0.15— Anti-k;, R=0.4

With p‘T:“'>2 GeVic:
P toa d>20 GeVic

+ | | pT’subIead>1o GeVic
— o —

low prin recoll jet

AJ enhances sensitivity =+
to modification SENTNNE - == =

A,
effect is diluted in ensemble
measurements like

di-jet hadron correlations

' more differential:
select on Aj?
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Soft-drop grooming

remove wide angle,
soft radiation

—>

Based on declustering an
angular-ordered tree

slide from: J. Thaler, ALICE Jet Workshop, Yale,
K. Kauder, LBNL, STAR analysis meeting 24

Soft Drop Condition:

energy
threshold

angular
exponent

eg Many applications, such as:
groomed energy, groomed radius
pp, jet mass, ...

Focus here (with B=0):
“Groomed Momentum Sharing”

min (pr1, pr2)
Pr1 T+ P12

pT fraction carried by less-energetic sub-jet
after grooming
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Jet shape - zg4 S

S
Q
|

PT.1+PT.2
N gf p,=20-25 GeV/c
g - ¥ p+p HT, Trigger Jet
7 ---- Pythia8, Leading Jet
good agreement 57 iy Iy
between p+p and Pythia = | — ~ Pythia8, Recoll Jet
- L ) STAR Preliminary
_ 13 —
but is there measurable 3 g
modification in the hard core  * g
di-jets? £ [ e L
0.1 0.2 0.3 0.4 0.5 Z
9
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Jet shape - zg4 S

Z p—
g pPr.1+DPT 2

1/N dN/dzg

8E- Recoil Jet, p?*°*" = 20-30 GeV/c +. F Recoil Jet, p™*™*" = 10-20 GeV/c
— T Q1 .8 —
7 ;— :{;}: 4 Au+Au HT 0-20% ;1.6 = 4 Au+Au HT / p+p HT ® Au+Au MB
61— S pp ® Au+Au MB 0-20% Tra Li & Vitev MLL
5 f_ 21 2 :—
i3 ,m 1.,+_+_+ ++ ................... i
- STAR Preliminary 0sb _+_
3 -
B :E: 0.6—
oF - - o
- - o4 STAR preliminary
1= —i—=i=:g: 0.2
0 : 1 [ L 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0 : 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l | 1 1 1 l 1 1 1 1
0.1 0.2 0.3 04 0.5 ZO.G 0.1 0.2 0.3 0.4 0.5 20.6
g g

Li & Vitev arXiv: 1801.00008

compare recoill jets in central Au+Au and p+p

no modification of zg for hard
core selected recoil (and trigger) jets
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Differential di-jet asymmetry

0.25¢ STAR Preliminary
- —@— Run 14 Au+Au
STAR Run 14— 20x increase in o2 e
di-jet pairs allows for differential gos- -4+ "
AJ measurement 8 oty *renoee T oascany
0.05 f_ zg“b"; > .10.0eGe(il/c —o—
- v v by v v by Ly gy |__I,|:
Goals % 01 02 03 04 05 06 07
J
centrality dependence of A, P —
. ] +R 14 20-40%
scan parameter space “F : s b
Lead Sub Const éo 15 +
(R, prtead, prsub, prConst) S 0_1¢+p L
: p SSSSS : d200GeV/c :
=P “jet geometry engineering” | S
Oo""o'.r"olz"'o.'e;"bz"b.sw
J
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e AutAu, 0-20%
A ptp

25— [’
E 10< p‘:"'“ <15GeV/e
20 0.5< p:”‘" <1GeV/e

h -1
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o o o o o
o A [%) [ N
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T T T L
Au+Au, |s=200 GeV =
9.0<p’<30.0 GeV/c |

Aq>0.35,R=0.4 =

R S u m m a
=:0%-10% e N S
%o-80% \
de Florian '
stat. error
syst. uncertain
|

-y
T

“softening” (pt < 2 GeV) & broadening beyond R=0.4

i) GeV/c: °>0.2 GeV/c, ed:
@ p+p HT ® Au+ o p+pHT @ u M
L o02- Au+Au H = AutAu HT
c H
[ & |
> : Au+Au, 0
Y o150 R | ° + i + Anti-k;, R=0.
§ * e With p*>2 GeVic:
- o Y Py 20 GV
0'1:_ é + + $ + p'r,sublead eV/c
C o | o
0 ot ¥t
r LA
fe® '
0 | IR PR L, ° sy R g
0.2 0 0.2 0.4 0.6 O.E
J

£0.250

o F

1/N dN/dz

o - N w » o o ~ ©

T

‘HI\‘IIH'H\‘ ‘ | ‘ [

*

Recoil Jet, pj"“” =20-30 GeV/c
& Au+Au HT 0-20%
= pp © Au+Au MB 0-20%

STAR Preliminary

Bl ==

Ll .
0.1

sl
0.2

- M R L .
0.3 0.4 0.5

ige

modified hard core di-jet pairs (softening & broadening)
energy recovered in narrow cone (R=0.4)

no modification seen in zg; indicates split/shower outside medium (formation time)

-y Qualitatively consistent picture of partonic energy loss emerging

at RHIC. Observed difference in broadening of jet structure can be related to in-
medium path length/amount of diffusion of medium induced soft gluon radiation
(enhancement at fixed pr < 2 GeV) in the QGP.

2

8
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0.25

~ STAR Preliminary +R (4 ALA
Future e
S
- I | |
go 15:— _*_:I_—_*:
S |
+ neW, Iarge dataset = 0.1:5%: p;onst>2_0 GeV/e Bl 0-20% Centrality
- p'®2 > 20.0 GeV/c '
0.05 :_ p%"b'ead > 10.0 GeV/c —o—
=3 differential measurements : -,
% 01 02 03 04 05 06 07

AJ
scan from minimally to maximally modified jets,

' connect bilased and unbiased measurements

=3 strongly constrain energy loss models
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Thank you :)
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Hadron+jet - differing R

— .‘— T T T T T L T L4 T I T T T T ] 1_' - T T T T I T T T T T Y’—Y T T I '—_-
S 1 S Au+Au, |5, =200 GeV = S 1 = Au+Au, s\ =200 GeV =
IR 9.0 <p<30.0 GeV/c - > AN 9.0<p,’<30.0GeV/c
g 107°E Ag >0.05,R=0.2 = g 107X Ag >0.20,R=03 =
— : t"k : — : t'k :

5 102 - anti r§ g§10-2§ anti T§

§ m . §. - - .
§+10° §+10°

I | Illl\l
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o 10 stat. error o 10 stat. error =
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E 10 i E | } ARTRMRER AR AR E 10 ° | e
1 L
A :

ey
10-1 3 .
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C C
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STAR, Phys.Rev. C96, 024905 (2017)
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Hadron+jet - event mixing

Mixed Event Generation for Jets

Mixed event

Mix only similar
centrality, ¥,
z-vertex position

Pick one random
track per real event

— add to mixed
event

Real events

Schmah, Symposium on Jet & Electromagnetic Tomography of Dense Matter, 2015

these events only carry information about background
fluctuations, and can be used to estimate background
contribution to jet distribution
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Di-jet imbalance & effect of
background

can background fluctuations
balance jets to p+p level?

Ay calculated with random
eta cone, balance
not recovered to p+p level

0.25
C : p;“>0.2 GeV/c, Matched:
- [[] Randonj Cone Bkg (RC) 0O p+p HT @ Au+Au MB
0.21— | Eta Cone Bkg (EC) ®  Au+AuHT
- - STAR Au+Au, 0-20%
O : i- =0.
,g 0.15__ f * Anti-k,, R=0.4
Eof by
I= ~ : D
N ad
0.05( )y 4 ¥
- ./B ¥ r
. ' & %
OI i | i i 1 | 1 | 1 1 1 | T TR TR T Mt .
0.2 0 0.2 0.4 0.6 0.8
A,
STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Correlations in A@koser=<socevd

trigger jet
B N : STAR Preli —@— Au+Au HT 0-20%
‘ ~._projectionrange & TSN U0
| - B p+p eff. corrtithd(:Z:mAu 0-20% - tracking unc. Au+Au
| - A [ tracking unc. p+p
| |An| < O 45 5 3:_ trigger jet I rclative JES unc.
‘ = N
) 'Om __
, o 2}
| s Z 1 e
Ad N
An o =—g— & —%——a— =
S T T I N N S I R
- -0.8-0.6-04-0.2 0O 0.2 04 0.6 0.8
A
] ] o . recoil jet
) vield contained within - STAnpeimney e AwAu T 020
= ] 4:_p+p eff. c:r':ecte:to Aquuco-ZO% pp i
— N ] tracking unc. Au+Au
jet rad I us R—O-4 2’ B réAcY:I:?I.lljset || tracking unc. p+p
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Correlations in A¢
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Further z4 results

o . Trig
N s} Trigger Jet, p_ = = 20-30 GeV/c
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no significant modification of
hard core selected trigger jets
in Au+Au
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Zy and Formation Time

Vacuum and medium formation times

Hard medium-induced radiation happens late in the shower
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At RHIC can only see medium for rare large angle emissions or even

splittings. Larger z

cut

and/or AR, selection would increase sensitivity
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Conclusions

_’qualitatively consistent picture of energy loss measured
In jet+hadron, hadron+jet, di-jet imbalance

=P vield enhancement at low pr, suppression at high pr

> in hard core di-jets, no significant broadening
or modification in zg4

towards the future: |
differential selection of jets \(/ 4
based on geometry ~ — -

=P directly measure attenuation |
=3 strongly constrain energy loss models

) systematically connect our biased and unbiased
measurements
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